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ABSTRACT We have imaged mica coated with thin gelatin films in water, propanol, and mixtures of these two liquids by
atomic force microscopy (AFM). The elastic modulus (Young's modulus) can be tuned from 20 kPa to more than 0.1 GPa
depending on the ratio of propanol to water. The resolution is best in pure propanol, on the order of 20 nm, and becomes
worse for the softer samples. The degradation in resolution can be understood by considering the elastic indentation of the
gelatin caused by the AFM tip. This indentation becomes larger and thus the contact area becomes larger the softer the
sample is. Therefore this study may be used to estimate the resolution to be expected with an AFM on other soft samples,
such as cells. Nondestructive imaging was possible only by imaging at forces <1 nN. This was difficult to achieve in contact
mode because of drift in the zero load deflection of the cantilever, supposedly caused by temperature drift, but straightfor-
ward in tapping mode.
INTRODUCTION
The atomic force microscope (AFM) (Binnig et al., 1986;
Rugar and Hansma, 1990) has been proven to be a very
useful tool in imaging biological samples like proteins,
DNA, or even whole cells (Hansma and Hoh, 1994; Hend-
erson, 1994; Radmacher et al., 1992). The ability to image
in liquids, especially physiological buffers, makes it a
unique tool to observe biological processes at a submicro-
scopic scale (Fritz et al., 1994; Radmacher et al., 1994b).
Despite these results it is still a challenge to image soft
materials like proteins or cells with the AFM in their native
environment without fixation. One reason might be that the
softness of biological samples usually makes it very diffi-
cult to image with high resolution without sample damage.
Although the effect of sample softness on resolution and
general performance of the AFM is understood in principle,
to our knowledge no quantitative experimental analysis has
been undertaken so far.
Recently the AFM has been used to image elastic prop-
erties (Maivald et al., 1991; Radmacher et al., 1993; Baselt
et al., 1993). Analyzing force curves on these soft small
biological objects showed that the instrumentational devel-
opment had led to reliable determination of mechanical
properties on the submicron scale (Hoh and Schoenen-
berger, 1994; Radmacher et al., 1994a; Tao et al., 1992;
Weisenhorn et al., 1993).
Synthetic polymers have been characterized with the
AFM by imaging in air (Aime et al., 1994; Mamin and
Rugar, 1992; Meyers et al., 1992). Recently, thin gelatin
films were investigated with AFM in air (Haugstad et al.,
1994). Here we report on measuring the elastic properties of
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gelatin under different environments. Gelatin is the dena-
tured form of the structural protein collagen. Collagen is a
triple helix, made of three single a-helices wrapped around
each other. During denaturing the molecule is broken in
smaller pieces and the triple helices are disrupted leaving
only single helices of molecular weight between 20 and 100
kDa depending on preparation. Aqueous solutions of gelatin
are in the sol phase at elevated temperatures (depending on
concentration at 30°C or higher temperatures) and form gels
on cooling. One major part of the gelation process is prob-
ably the formation of triple helices in the polymer matrix.
(for review see Djabourov, 1988; Clark and Ross-Murphy,
1987).
The Young's moduli can be measured by AFM and thus
the contact radius can be estimated. The contact area will
naturally affect the obtainable resolution, so that best reso-
lution can be achieved only on hard samples. AFM images
were taken both in the conventional contact mode and in a
novel tapping mode in liquids (Hansma et al., 1994; Putman
et al., 1994). Resolution was slightly better in tapping mode
at moderate sample softnesses and seemed to become worse
at very small Young's moduli. The softest samples (in 50%
propanol and pure water) were impossible to image in
tapping mode. Images in contact mode could be obtained. In
these cases the images recorded do not only reveal topo-
graphic features of the sample but are also affected by the
sample softness. Therefore the comparison between both
modes is not straightforward and might need further
investigation.
MATERIALS AND METHODS
Sample preparation
Gelatin extracted from porcine skin was purchased from Sigma Chemical
Co. (St. Louis, MO). A total of 50 mg of gelatin was dissolved in 1 ml of
pure water and kept in a water bath at boiling temperature for 30 min. A
small droplet (10 ,ul) of this solution was applied to a piece of freshly
cleaved mica, which was mounted in a home-built spincoater. The spin-
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coater was already rotating (-3000 rpm) as the solution was applied to the
substrate and was kept running for approximately 30 more seconds. Sam-
ples were always prepared freshly and used the same day. Usually the
samples were exposed for -30 min to ambient air before being mounted in
the AFM where they were immersed with either pure water or propanol
before starting to image.
Instrumentation
AFM was performed with a commercial instrument (Nanoscope III, Digital
Instruments, Santa Barbara, CA). All imaging was performed with soft
silicon nitride cantilevers with integrated pyramidal tips (200-gm-long and
12-,um-wide triangular cantilever, custom-made prototype cantilevers with
so-called oxide sharpened tips, courtesy of Mark Wendman, Digital In-
struments). The force constant was determined to be 25 mN/m by mea-
suring the resonance frequency of the cantilever (Cleveland et al., 1993).
All imaging was performed under liquids. Propanol was purchased from
Aldrich (Milwaukee, WI), and water was deionized and filtered (Millipore
Systems, Eugene, OR).
Imaging was performed in a glass fluid cell with ports so that the fluid
in the chamber could be exchanged easily with the sample and the canti-
lever already mounted. All the data reported here were taken with the same
sample and the same cantilever. We have observed the described results
with several samples and several cantilevers but present here results of only
one run to make the individual results comparable with each other.
The images were recorded either in the conventional contact mode or in
a novel tapping mode developed recently (Hansma et al., 1994). In contact
mode the deflection of the cantilever while touching and scanning the
sample is monitored. Feedback electronics tries to adjust the sample height
such that the cantilever deflection stays constant. Displaying the height at
each sample position will create a topograph of the sample surface. In
tapping mode the cantilever is vibrated externally. The amplitude of this
oscillation of the tip will become smaller when the tip touches the surfaces.
Therefore, feedback electronics trying to adjust the sample height such that
the amplitude stays constant will trace the sample surface. Tapping mode
largely reduces the amount of lateral forces usually present in the conven-
tional contact mode. This has proven to be very successful with single
adsorbed protein molecules (Radmacher et al., 1994b; Bezanilla et al.,
1994). Another advantage is that tapping mode is not sensitive to drift of
the cantilever. The cantilevers most often used in AFM (micromanufac-
tured silicon nitride cantilevers) bend as a result of temperature changes
(Radmacher et al., 1995). This bending will result in different free canti-
lever positions corresponding to different cantilever deflections. In contact
mode the feedback electronics tries to keep the deflection constant, which
will therefore lead to drift in the loading force.
Data analysis
Force curves were analyzed in the following way. A force curve on a hard
sample has basically two linear regions, one where the cantilever deflection
is constant (the tip is off the surface) and a sloped region where the tip is
touching the surfaces and the deflection is proportional to the movement of
the sample by the piezo. In the case of soft samples the deflection will be
smaller as a result of sample indentation (see Fig. 1). By subtracting the
measured deflection from the known response of the cantilever on a hard
surface we can calculate the indentation (Fig. 1 a). For modeling the
indentation we want to plot it as a function of the loading force and not as
a function of the z movement of the piezo. The loading force is given by
the measured cantilever deflection multiplied by the force constant of the
cantilever (Fig. 1 b). The experimental data can be modeled by the
so-called Hertz model as described below. It turns out that a log-log plot of
the indentation as a function of the loading force is very helpful in
analyzing the data (Fig. 1 c).
Force versus indentation curves can be modeled by the Hertz model
(Hertz, 1881) describing the elastic deformation of two surfaces touching
under load. Two different geometries seem to be appropriate to describe the
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FIGURE 1 (a) Force curves (approach traces only) taken on a gelatin
sample immersed in 70% propanol (thick trace) and on a very hard sample
(thin trace). Because of elastic indentation on the soft sample the same
piezo movement results in a smaller cantilever deflection than on the hard
sample. The difference between both curves is the indentation (dotted
trace). For modeling the elastic indentation it is necessary to plot the
indentation as a function of the applied loading force. The loading force is
given by the obtained cantilever deflection multiplied by its force constant
(b). As will be described below in more detail a convenient way of
comparing the model and the data is plotting both on a log-log scale (c).
(c) shows the indentation versus loading force (same as in b) and compares
it with the prediction of the Hertz model for two different geometries: a
sharp cone (opening angle 300) and a sphere (radius of curvature 20 nm)
indenting in a soft sample. In both cases the Poisson ratio was chosen to be
0.5 and the Young's modulus was adjusted to give a good fit (0.7 MPa in
the case of the cone and 0.3 MPa in the case of the sphere).
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AFM tip and the sample: either a sphere of radius R or a cylindrical cone
of opening angle a indenting a planar soft sample. For these two cases the
Hertz model predicts a different functional relation between the loading
force needed to create a given indentation. In the case of an infinitely hard
sphere of radius R (AFM tip) touching a soft planar surface the Hertz
model gives the following relation between the loading force F and the
indentation 8:
4 E R8/Fsphere = (
-v) (1)
where E is the Young's modulus and v is the Poisson ratio of the soft
material. In the case of a cylindrical cone indenting a soft material the
relationship between loading force and resulting indentation is as follows:
'i E
8Fcone = - tan(a)82 (2)2 (1 -iv)
where a is the opening angle of the cone. We will show below which
model is more appropriate in our case. These two functions will appear as
a line with a different slope on a log-log plot (see Fig. 1 c).
In the case of a very hard sample the movement z of the piezo while in
contact will lead to a deflection d of the cantilever that is identical to z:
d = z. In the case of a soft sample the same movement z will lead to a
smaller deflection of the cantilever as a result of an elastic indentation 8:
z = d + 8. The loading force F is proportional to the deflection d of the
cantilever and the force constant k of the cantilever and can be written as
F=k*d=k*(z-). (3)
In a force curve we measure the deflection as a function of the z movement
of the piezo. Equation 3 can be used to calculate indentation versus force
relations from the measured data set. These indentation versus force curves
can then be analyzed by modeling the elastic indentation by using either
Eq. 1 or 2, as will be discussed below.
RESULTS
Fig. 1 shows a force curve taken on gelatin immersed in
70% propanol. In Fig. 1 a the measured force curve (thick
trace) together with the theoretical force curve taken on a
hard sample (thin trace) is shown. The difference between
the two is the indentation on the soft sample. This indenta-
tion is plotted versus the cantilever deflection in Fig. 1 b.
The cantilever deflection is proportional to the loading
force, related by the force constant of the cantilever. Fig. 1
c shows the deflection plotted as a function of the loading
force on a log-log scale. Also shown in this graph is the
theoretical indentation as predicted by the Hertz model for
the two different geometries mentioned above: a sphere and
a cone indenting a flat soft surface. Parameters used are a
Young's modulus of 0.7 MPa in the case of the cone and 0.3
MPa in the case of the sphere, a Poisson ratio of 0.5, tip
radius of 20 nm, and opening angle of 300. The tip radius is
a typical value- known from the tip broadening of small
structures like proteins (Karrasch et al., 1993; Yang et al.,
1994). The opening angle was measured by scanning a
calibration grating showing square pits with very steep
walls (Digital Instruments) (for tip convolution and image
reconstruction see Keller and Franke, 1993). The apparent
tilt of these walls is a good estimate for the opening angle of
the tips used. The measured value of a tip from the same
wafer as the experimental tip was 29-35°. In the case of our
experiment the elastic indentation is modeled more pre-
cisely by a cone compared with a sphere indenting a soft
sample. This might be because the indentations are large
compared with the radius of curvature of the tip at the very
end (a typical value is 20 nm). At smaller indentations the
tip might be better approximated by a sphere (Radmacher et
al., 1994a; see also Fig. 1 c at smaller indentations).
Fig. 2 shows force curves taken on the same gelatin
sample in different liquids. The elastic properties change
while the gelatin is immersed in pure water, propanol, or
mixtures of the two; gelatin becomes softer and softer as the
water content in propanol is increased from 0% to 15%,
30%, 50%, and finally pure water. The same motion of the
piezo leads to a smaller deflection as a result of elastic
indentation of the sample. By replacing the water with
propanol the gelatin becomes hard again. This transition
was reversible and could be made several times. After
replacing the fluids there is a fast change in the elastic
properties that is too fast for detecting with our instrumen-
tation followed by a slow drift in the elastic properties on
the time scale of hours. Therefore force curves were taken
just before and after taking the images shown below to
obtain accurate numbers of the actual softness of the sam-
ple. These values for the elastic properties were reproduc-
ible within 20%. We did not wait until this slow drift in
elastic properties has settled down as determining accu-
rately the steady-state elastic properties in a given environ-
ment was not the issue of this study. We were interested in
tuning these properties and documenting the obtainable
resolution at a given, measurable sample softness. This
remark applies especially to the samples immersed in water,
for which not only a slow drift in sample softness occurred
but also a slow dissolving of the gelatin on an hour time
scale was visible. In this sense tuning of the elastic proper-
ties was reversible only when the sample had not been
immersed in water for a long time (more than 2 h).
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FIGURE 2 Force curves of thin gelatin films in different media. The
curve in propanol is almost indistinguishable from the force curve taken on
a hard substrate. The more water is added to the propanol the softer the
gelatin appears to be. These curves will be analyzed below to get values for
the Young's modulus.
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FIGURE 3 Measured indentation as a function of loading force. These
curves are extracted from the force curves of Fig. 1 as described in the text.
Also shown are the predictions of the Hertz model used to determine the
Young's modulus of each sample (solid lines). The Young's modulus of
the gelatin has been determined to be larger than 0.1 GPa in 100%
propanol, 1.8 MPa in 85% propanol, 0.7 MPa in 70% propanol, 0.2 MPa
in 50% propanol, and 0.02 MPa in pure water.
Fig. 3 shows the indentation as a function of loading force
obtained by applying Eq. 3 to the data shown in Fig. 2
plotted on a log-log scale. Each data set is shown with a
theoretical trace for a cone indenting a flat surface, adjusting
the Young's modulus to give a good fit of data and theory.
The opening angle and the Poisson ratio are chosen as above
(30° and 0.5, respectively).
Fig. 4 shows two images of the same area imaged in pure
water (a) and pure propanol (b). In water, only the global
changes of the topography at a micrometer scale are visible.
In propanol, details down to a scale of -20 nm are visible.
The image in water (Fig. 4 a) was possible only after
increasing the force to -2 nN. At this loading force the
indentation of the tip is already 40 nm (see Fig. 3). This is
approximately the height of the observed, small scale cor-
.:....... .. .......
FIGURE 4 The same area of a thin film of gelatin imaged in contact
mode in pure water (a) and propanol (b). In water only the global surface
structure is visible with a resolution on the order of one micrometer. In
propanol much more detail is visible resulting in a resolution on the order
of 20 nm. A few scan lines in the center portion of the image are missing
due to drift in the system and liftoff of the tip off the sample. In propanol
the loading force was tried to minimize giving the best resolution with the
drawback of eventual liftoff of the tip (<0.4 nN). In water the loading force
has to be increased to -2 nN to achieve any contrast. Note that the z-range
is different in the two images: 300 nm for a and 80 nm for b.
rugations in Fig. 4 b. The global changes of topography
correlate well in both images. However, all the small scale
details visible in propanol (Fig. 4 b) are not visible in water
any more because of the large elastic indentation of the
AFM tip into the gelatin. Therefore we conclude that the
elastic properties of the sample, especially while immersed
in water, play a large role in its appearance.
Fig. 5 shows a series of images recorded in contact mode
where imaging was performed in pure propanol and mix-
tures of propanol with water. With decreasing softness of
the sample the resolution decreases also. At 85% propanol
most of the features on a 500-nm scale have disappeared
(Fig. 5, a-c). The same happens on an even larger scale at
50% propanol (Fig. 5, d-g). In pure water the resolution is
poor (Fig. 5 h) but can be restored by going back to pure
propanol (Fig. 5 i).
During the course of this experiment we also recorded a
series of images in tapping mode (Fig. 6). These data were
recorded with the same tip on the same sample directly after
the images in contact mode had been taken. Therefore the
data can be compared without worrying about variations of
sample preparation or of the tip shape. At high propanol
concentration the resolution is comparable or even better
than in contact mode (Fig. 6, a-c; 100, 95, and 85% propa-
nol, respectively). At 70% propanol (Fig. 6f) the resolution
is already poor. At even higher water concentration (50%
propanol and pure water) imaging was impossible in tap-
ping mode although imaging was still possible in contact
mode (Figs. 5, g and h, and 4 a). (Please note that in Fig. 6
the scan size is larger in c-f compared with a and b).
DISCUSSION
One possible artifact in determining the elastic modulus of
the gelatin films has to be discussed first. Because gelatin
swells in water the gelatin films will have different thick-
nesses depending on the water content of the liquid in which
they are immersed. If the thickness of the film is on the
order of the applied indentations, one might expect that the
AFM tip also feels the underlying substrate while indenting
and that therefore the sample will appear to be stiffer than it
actually is. This should result in an indentation versus
loading force curve with a changing slope. At low loading
forces a measurable indentation can be achieved and at
higher loading forces the indentation will eventually be-
come constant when the thin film is entirely compressed.
We did not observe this behavior nor did we see any
deviation of the Hertzian behavior at higher loading forces.
To strengthen this point we measured the thickness of the
gelatin films by scratching them very gently with a scalpel
and imaging the scratch with the AFM. The films had been
rinsed thoroughly with propanol after scratching and were
imaged in air. The measured thickness was -130 nm. This
thickness has to be compared with the maximum indenta-
tion in the case of the stiff samples (propanol), which was
15 nm. Therefore we can conclude that our measurements
Radmacher et al. 267
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FIGURE 5 Thin gelatin films imaged with the AFM in contact mode in different media. The top row shows an image at 500 nm scan size in pure propanol
(a), 95% propanol (b), and 85% propanol (c). The resolution decreases slowly while the sample becomes softer and softer. Images d through h show the
same sample in pure propanol, in 85, 70, and 50% propanol, and in pure water (image size is 2 ,um). By immersing the sample in propanol again (i) the
original image can be restored. (imaging forces < 0.4 nN).
were not affected by the thickness of the gelatin films and
the elastic moduli obtained are the moduli of the sample
itself.
Fig. 7 shows the radius of contact of an AFM tip as
estimated by the Hertz model using the two interesting
geometries together with the experimentally obtained reso-
lution as a function of the Young's modulus of the sample.
The resolution was estimated by measuring the distance
between two distinct, nearby features in the images. Param-
eters used for the model predictions are a Poisson ratio of
0.5, a tip radius of 20 nm for the sphere model, and an
opening angle of 300 for the cone model. As the radius of
contact was estimated by assuming a Hertzian contact be-
tween a very hard tip and a soft planar sample, this will give
a lower estimate of the resolution. The actual obtained
resolution will in general be poorer, because of the influence
of topography. Tapping mode shows slightly higher resolu-
tion with the harder samples in this experiment. It has to be
mentioned that all samples, even the gelatin in propanol, are
very soft samples, compared with the substrates usually
used in AFM; glass for instance has a Young's modulus of
70 GPa.
We have presented here only data taken on the same
sample and with the same cantilever and tip. As the reso-
lution obtainable with AFM will depend on the tip geome-
try, e.g., the tip radius, this was necessary for obtaining
comparable results. However, we found out that there is not
much variation in the tips while using the same type of
Biophysical Journal268
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FIGURE 6 Thin gelatin films imaged in tapping mode. The water concentration has been increased gradually from 0% (pure propanol) (a) to 70% water
(f). High resolution images are possible at low water concentrations, corresponding to a Young's modulus of the sample larger than 2 MPa, but decreases
rapidly for samples with '30% water.
cantilevers from the same batch. Different types of cantile-
vers might lead to quantitatively slightly different results,
but the qualitative trend should be the same. There was
some variation in the sample preparations resulting in gel-
atin films with elastic properties deviating by a factor of 2
under the same conditions. However, correlating the mea-
surable elastic properties with the obtained resolution was
reproducibly independent of the cantilever used.
The very soft samples could be imaged only at high
loading force, where no topographic but more elastic imag-
ing is performed. So far, tapping mode has been optimized
for low loading forces. Low force imaging was not possible
in either contact or tapping mode on the softest samples.
High forces (>1 nN) in contact mode did yield images, but
these are probably highly influenced by localized elasticity
rather than topography.
In contact mode, loading forces have to be minimized
always by adjusting the scan parameters. This is a result of
the fact that silicon nitride cantilevers bend as a result of
temperature fluctuations. Therefore the unloaded cantilever
will be more or less bent depending on the temperature. This
means that the feedback of the atomic force microscope will
actually change the loading force in trying to keep the
deflection signal constant. This drift in loading force can be
a few nanonewtons per minute and will eventually settle
down after hours of equilibration. As this was not a possi-
bility in our case (we were imaging the same sample on the
same day in seven different liquids) we constantly had to
adjust the set point. This leads eventually to lift-off of the
cantilever as is visible by the missing scan lines in Figs. 4
b and 5. In tapping mode the feedback loop looks at the high
frequency oscillatory response of the cantilever. The slow
drifts in cantilever bending will not be detected and thus not
lead to any drift in the loading force. As visible in the
tapping mode images, no adjustment of the imaging param-
eters was necessary and therefore no scan lines are missing.
The softer samples were also hard or impossible to image
without any damage. This gives practical estimates for the
capability of the AFM to image soft samples like polymers,
biological material, and cells of comparable softness.
CONCLUSIONS
We show here a quantitative correlation between the reso-
lution and the softness of the material while imaging soft
samples with the AFM. Depending on the tip radius and the
loading force a lower limit for the resolution can be esti-
mated by calculating the contact radius assuming a Hertzian
contact.
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FIGURE 7 Estimated radius of the contact area shown as a solid line as
a function of the Young's modulus of the material under investigation.
Experimental resolution obtained in contact and tapping mode on gelatin
samples is shown with data points. Note that the experimental resolution is
bounded by the radius of the contact area: the experimental points, in
general, lie above the solid line. The contact area is estimated assuming an
Hertzian contact of two different geometries: either an cone of opening
angle 300 or a sphere of radius 20 nm. (Note that the model of a sphere
touching a planar surface only makes sense for small contact areas, i.e.
smaller than the radius of the sphere. Therefore the theoretical line for a
sphere covers only part of the range of the graph.)
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